INTRODUCTION
The data collected by the LHC experiments at 7 and 8 TeV with ~5 and 20fb -1 respectively is refining the details of the Higgs like resonances found last year [1, 2] . Many decay channels have been searched for and the individual channels so far have given us a consistent picture with what one expects from the SM Higgs. On the other hand, the self interaction of the Higgs, which is probed by the Higgs pair production [3] [4] [5] [6] [7] , is too feeble in the SM to be detected with these early data set. Even at 14 TeV run, the luminosity required for probing this process is very high [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This fact, namely the smallness of the corresponding Higgs pair production crosssection, makes it sensitive to a presence of a new physics [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
In particular, relatively light colored particles are known to affect the cross-section substantially [18] [19] [20] [21] [22] . As a mater of fact there are many models with various motivations including models of GUT remnants [32] [33] [34] [35] [36] [37] [38] [39] , composite models [40] [41] [42] [43] [44] [45] [46] [47] [48] or a radiative neutrino mass models [49] [50] [51] which may give such contributions. Among these the scalars are interesting as they may play crucial role in the spontaneous symmetry breaking through additional terms with large portal couplings in the scalar potential.
In the present work we study the phenomenological consequences of the Standard Model extension by two or more colored scalar particles. As a case study we take several leptoquarks (LQ) since there is an active experimental program by both ATLAS and CMS [52] [53] [54] [55] [56] [57] and the lower bounds on their masses have now reached impressive levels some as high as a TeV value. On the other hand simultaneous presence of several LQs, may open up additional channels and therefore weakens these bounds. Specific models where the LQs are introduced to explain a certain phenomenon usually requires more than one LQs as in the model we study here.
I examine a possibility of the existence of LQs with masses as light as ~180 GeV and study their effect for the single and di Higgs productions. As we will see the Higgs pair production is substantially altered in the low mass range below 300 GeV without too much change in the Higss diphoton decay channel if portal couplings are large. These couplings are required to have opposite signs by the latest Higgs data or small in magnitude. The model I consider has two LQs, an SU(2) doublet ω and a singlet χ. As we will see their simultaneous presence still allows them to have relatively light masses and escape the current bounds. In particular, the current bounds do not include LQs decaying to τt the masses below 200 GeV. Such a scenario, for example, has appeared in a model considered by Babu and Julio [49] , where the light neutrino masses are induced by two-loop effects from LQs. If their masses are only of order few hundred GeV, as it is required in this case, the scenario can be probed or even excluded with the data from the LHC. Therefore this is one of the easiest model which can be tested and is the subject of the current study. Although I consider a particular model, it should be stressed that other models with colored particles can affect the pair productions in a similar manner.
In Section II, I briefly list the current experimental status on the Higgs production and decay rates. Then I introduce the model I examined in the paper. Section III contains main part of this work where the numerical results for the single and pair Higgs productions are presented.
The conclusion is given in Section IV.
LIGHT LEPTOQUARKS
ATLAS and CMS both have released their results on the Higgs searches from 7 and 8 TeV runs [58] [59] [60] (2) are the mixing angle and masses for the -1/3 charged LQs χ 1 and χ 2 . m ω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by Babu and Julio as an explanation for the light neutrino masses induced by the two-loop effects of the LQs. Readers interested in are referred to the original paper where exhaustive list of many flavor implications were discussed. Several scenarios in the model require these LQs to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily on the portal couplings and study their collider aspect and examine the consequences.
The searches for LQs at LHC have given lower bounds on their masses for several -42 - different LQ decay channels for the data collected at 7 TeV by both CMS and ATLAS collaborations [61] [62] [63] [64] [65] [66] [67] . These results show that the LQ are at least heavier than 500 GeV or so if the branching fractions are assumed to be 100%. On the other hand the search for the LQ decaying to tau and top (τt), leaves the possibility of the LQ lighter than 200 GeV [68] . This is because τ is not energetic enough to be identified efficiently. A thorough collider search analysis of this process in this mass range is beyond scope of this paper. Interested readers are referred to Refs [46, [69] [70] [71] [72] [73] .
If one considers any of the LQs, the LHC searches require that their masses have to be above 450 GeV. Unless corresponding portal coupling is very large the both single and di Higgs productions will not be affected at any interesting level. In the following we explain that these constraints may not be applicable for the model given by the Lagrangian in Eq.
(1), To do so we consider a case where the following mass hierarchy holds:
. If the couplings Y ij in Eq (1) are small enough such that the mass splitting between 2/3 and -1/3 charged LQ makes channel dominant, these bounds are evaded. We call these three-body channels. Here
. The star signifies that the W is off-shell. This is because the electroweak precision test requires the mass splitting within the SU(2) L doublet components be less than ~ 52 GeV [73] . Among the F ij couplings F 33 is allowed to be large by the LQ searches since it leads to the not yet ruled-out tτ decay channel. Therefore we further assume the other F ij couplings are small and satisfy the constraints [49, 50, 74, 75] . Further, if F 33 is the largest F ij coupling, χ to be the dominant χ 1 decay channel. From the above discussion we see that the signals for the ω pair production are with the off shell W's subsequently decaying either hadronically or leptonically when F 33 is the largest coupling.
HIGGS PHENOMENOLOGY WITH LIGHT LEPTOQUGRKS
In the last section we have argued that the current limits from the LHC experiments still allow LQs with light masses down to ~180 GeV [67] . Previous study by the author explored the range to 300 GeV [68] . Given that such a possibility exists in the current section we study their phenomenological consequences. The possibility that the Standard Model Higgs could have portal couplings to an unknown sector has been a subject of many studies due to its possible role in the electroweak symmetry breaking, electroweak phase transition and as the contact with the dark sector. Recent discovery of the SM Higgs like resonance has intensified such studies.
The effect we investigate here is the Higgs boson pair production. We take several LQs and choose large portal couplings to demonstrate the di-Higgs production rate can be dramatically increased while the single Higgs production and diphoton rates are affected within the experimentally measured values. This will happen even with the current data if the LQs are relatively light below 300 GeV, which makes the model testable in most of the considered mass range. With the current constraint the not yet ruled out range 180 to 200 GeV. From the Lagrangian given in Eq.(1), the LQ and Higgs interactions are easily written down in the mass eigenstates as follows (5) where . We choose the physical masses , portal couplings and the mixing angle as the input parameters. Then the remaining parameters µ and k are fixed through Eqs. (2) (3) (4) . For the masses we take hierarchy . In addition I choose and 50 GeV for small and large splitting and a constant value of 10 GeV for the mass splitting between the lighter two GeV. I take two different values for the LQ mixing sin ϑ =0.1 and for small and large mixings respectively.
Previous studies have considered an effect of a single colored particle, where one is forced to have a specific coupling not to upset the Higgs production rate. For example, the new physics contribution is chosen to be roughly twice larger and opposite in sign to have unaltered rate. This inevitably affects diphoton channel. In particular among possible color scalars only octet candidate was a good choice [20] . For these models, stability of vacuum requires increasingly stronger portal couplings as the mass is increased [76] . This is not required in our case, since we have several new contributions which can be kept under control by a judicious choices of the various portal.
We first scan over the λ ω and λ χ parameter space for the Higgs pair production and super impose the allowed regions by both CMS and ATLAS experiments by the diphoton and ZZ * channels. The result is show in Figure 1 . The lightest LQ mass is chosen to be mχ 1 =200
GeV. The parameter scan has been done using MadGraph 5 [77] with CTEQ6L1 PDF set [78] . The MadGraph implementation of the Higgs pair production in the SM has been modified to include contributions from the LQ. The code has been checked against previously known results such as in Ref [20] and was found to be in an excellent agreement.
As we can see there are regions in the parameter space where the single Higgs production and decay rates are compatible with either of CMS and ATLAS experiments. Depending on the values for the couplings the Higgs pair production may become substantially enhanced. The shape of the regions are easily understood. The single Higgs production rate and decay to diphoton and ZZ * channels will be affected less if the contributions from the LQs largely cancel each other. This fact is reflected in the stripe regions. There is another possibility that the total LQ contribution is twice bigger than the SM amplitude and but opposite in sign as has been done in Ref [20, 21] . This possibility is represented by the allowed region in the lower right corner of the scanned plots in Figure 1 . where both λ ω and λ χ are large and negative. Since this region will be pushed to higher values as the LQ mass is increased we do not consider this region further and concentrate on the stripe regions. Next, I estimate the Higgs pair production for several set of and parameters. The results are shown in Figures 2 and 3 . These are the main results of the present work. As we can see the rate may be enhanced quite substantially compared to the SM expectation even the single Higgs production is affected moderately. This is especially so in the range 180-200 GeV. The cancellation due to the opposite signs for and , which kept the single Higgs rate largely unchanged, is still operational for the triangular loop diagram contributions to the pair production. However, there are diagrams quadratic in the portal couplings whenever the final state Higgs legs come from different vertices. They will contribute constructively even if the single Higgs production remains the same as in the SM. The largest values I chose for the portal couplings require even larger value for the quartic couplings for LQ to make the vacuum at least metastable [68] since we have a negative portal coupling. If we generously allow and take values up to 4π for the quartic couplings the metastability of the vacuum is guaranteed.
A detailed signal simulation for the LQ pair productions for the LHC experiments is beyond the scope of the present paper. Nevertheless, few comments are in order. The search for signal has recently done by CMS collaboration. The pair production crosssection is roughly an order of magnitude below that of if little above . Then the signal is hard to distinguished from as the taus would not be energetic enough. Therefore such light LQs are still a possibility. As for higher values starting around 200 GeV, this search rules out the leptoquarks decaying to tτ. -46 -
CONCLUSIONS AND DISCUSSIONS
The discovery of a scalar particle by CMS and ATLAS experiments at the LHC, which appears to be essentially consistent with the SM Higgs picture within experimental margin of error, is a triumph in our understanding of the fundamental dynamics. On the other hand, a firm confirmation itself is still far and many fundamental questions are left unanswered which can be addressed with new dynamics or particles at the TEV range.
In the present paper, I have considered a several scalar LQs in which their portal couplings are such that its effect on the single Higgs production is within the limits given by the either CMS or ATLAS experiment. Even in this case it has been found that the Higgs pair production can be modified substantially. For several set of values for the portal couplings it has been shown that the rate may reach one to two orders magnitude higher than what it is in the SM. The two portal couplings are chosen to have opposite signs which give reasonable single Higgs production rate via gluon fusion.
These are done via the following procedure.
Upon scanning over these couplings for a low mass value the allowed regions by the Higgs production and decay to diphoton and ZZ * are obtained. Several set of values are chosen from these regions. For the chosen values the rates were found to be enhanced by various values. For the sets with larger values, it may reach two orders of magnitude at lower range of LQ masses with moderate effect on the single Higgs production. The effect becomes negligible above around the mass of 300 GeV. For this value, the enhancements range from few to at most an order of magnitude. This makes the light mass region between 180 to 200 GeV very intriguing where the enhancement for the Higgs pair production is most pronounced. The present work demonstrates that the light colored particles with large portal couplings may reveal additional dynamics in the scalar potential. These are interesting due to their potential role in EWSB itself or in the thermal phase transition in the early universe.
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